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Abstract
The synchrotron X-ray “stripes” discovered in Tycho’s supernova remnant (SNR) have been
attracting attention since they may be evidence for proton acceleration up to PeV. We analyzed
Chandra data taken in 2003, 2007, 2009, and 2015 for imaging and spectroscopy of the stripes
in the southwestern region of the SNR. Comparing images obtained at different epochs, we find
that time variability of synchrotron X-rays is not limited to two structures previously reported but
is more common in the region. Spectral analysis of nine bright stripes reveals not only their
time variabilities but also a strong anti-correlation between the surface brightness and photon
indices. The spectra of the nine stripes have photon indices of Γ= 2.1–2.6 and are significantly
harder than those of the outer rim of the SNR in the same region with Γ = 2.7–2.9. Based on
these findings, we indicate that the magnetic field is substantially amplified, and suggest that
particle acceleration through a stochastic process may be at work in the stripes.
Key words: acceleration of particles — ISM: individual objects (SN1572, Tycho’s SNR) — ISM: super-
nova remnant — magnetic fields — X-rays: ISM
1 Introduction
Supernova remnants (SNRs) have long been hypothesized to
be major production sites of Galactic cosmic rays up to the
so-called knee in the cosmic-ray spectrum at ∼ 3 PeV. The
hypothesis is favored partly because diffusive shock accelera-
tion, expected be working at the expanding shock of SNRs, can
naturally explain the power-law spectrum of cosmic rays (e.g.,
Blandford & Eichler 1987; Malkov & Drury 2001). Energetics
is another major reason why SNRs have been regarded as
cosmic-ray origin. If ∼ 10% of kinetic energy released in su-
pernova explosions is supplied to particle acceleration, SNRs
can support the energy density of cosmic rays in the interstellar
space.
Detecting synchrotron radiation, X-ray observations have
been providing evidence that electrons are accelerated to
ultra-relativistic energies at blast waves of young SNRs (e.g.,
Koyama et al. 1995; Tanaka et al. 2008). Gamma-ray emis-
sions, although their radiation mechanisms sometimes are sub-
ject to considerable debate, serve as direct evidence for parti-
cle acceleration in SNRs (e.g., Aharonian et al. 2007). Recent
sensitive GeV gamma-ray observations with the Fermi Large
Area Telescope and AGILE enabled identification of pi0-decay
emission in SNRs, offering a compelling way of probing ac-
celeration of protons and nuclei, the primary component of
Galactic cosmic rays (Ackermann et al. 2013; Jogler & Funk
2016; Giuliani et al. 2011). In spite of the mounting evidence,
however, clear indication of acceleration up to the knee has not
been obtained from SNRs so far (e.g., Archambault et al. 2017).
Protons should be accelerated up to the knee if SNRs are in-
deed the origins of Galactic cosmic rays. Lagage & Cesarsky
(1983) estimated the maximum energy of particles in SNR
shocks as Emax = 100 Z(B/1 µG) TeV, where Z and B are
the particle charge and magnetic field strength, respectively.
The equation implies that the magnetic field should be sub-
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stantially amplified in order for protons gain energies up to
the knee. Theoretical studies indeed indicate that cosmic-ray
streaming instability can lead to significant amplification of
magnetic field at a strong shock (e.g., Bell & Lucek 2001; Bell
2004). Observationally, thin filamentary structures (e.g., Bamba
et al. 2003; Warren et al. 2005) as well as rapid variability
of synchrotron radiation (Uchiyama et al. 2007; Uchiyama &
Aharonian 2008; Borkowski et al. 2018; Okuno et al. 2020)
discovered in X-ray data of SNRs are often interpreted as the
results of magnetic field amplification.
The synchrotron X-ray “stripes” in Tycho’s SNR discovered
by Eriksen et al. (2011) may be indicative of presence of PeV
particles as well as magnetic field amplification. Eriksen et al.
(2011) interpreted that the gaps between the stripes (8′′) cor-
responds to twice the gyroradius of accelerated protons, con-
cluding that protons reach PeV energies. Okuno et al. (2020)
discovered time variable features in the southwestern region of
the SNR where stripes are observed. The time variability can
be explained if the magnetic field is amplified to ∼ 100 µG
and/or if magnetic turbulence significantly changes with time.
The discovery of the stripes triggered some theoretical works
proposing models for the peculiar structure (e.g., Bykov et al.
2011; Malkov et al. 2012; Caprioli & Spitkovsky 2013; Laming
2015). Yet, their physical origin still is an open question.
Here we report imaging and spectral studies of the south-
western stripes of Tycho’s SNR using Chandra archival data.
We aim to reveal temporal and spatial variation of synchrotron
X-rays of the stripes to discuss their physical origin. While
Okuno et al. (2020) focused on two specific features, we char-
acterize spectral and temporal behavior of each stripe in a more
systematical way. Throughout the paper, the statistical errors
are quoted at the 1σ level.
2 Observations and Data Reduction
We analyzed Chandra ACIS data of Tycho’s SNR obtained
in 2003, 2007, 2009, and 2015. Table 1 presents the obser-
vation log. We reprocessed and screened all the data with
chandra repro in CIAO version 4.11 with CALDB version
4.8.2. The effective exposures after the screening are shown
in table 1. We performed relative astrometric corrections to
each dataset. We first detected point sources in the field with
wavdetect in CIAO. We then reprojected each events file
by cross matching the detected sources with wcs match and
wcs update tasks of CIAO. Low photon statistics did not allow
us to detect enough sources to perform the astrometric correc-
tions for observations ObsID= 8551, 0903, 10904, and 10906.
We therefore discarded these datasets for the imaging analysis,
where accurate corrections are required. For the spectral anal-
ysis, we used these datasets for better statistics. We co-added
datasets obtained in the same year. The total effective times for
Table 1. Observation log.
ObsID Start date Effective exposure
(ks)
3837 2003-04-29 146
7639 2007-04-23 109
8551 2007-04-26 33
10093 2009-04-13 118
10094 2009-04-18 90
10095 2009-04-23 173
10096 2009-04-27 106
10097 2009-04-11 107
10902 2009-04-15 40
10903 2009-04-17 24
10904 2009-04-13 35
10906 2009-05-03 41
15998 2015-04-22 147
the imaging analysis in 2003, 2007, 2009, and 2015 are 146 ks,
109 ks, 634 ks, and 147 ks, respectively, while those for the
spectral analysis are 146 ks, 142 ks, 734 ks, and 147 ks.
3 Analysis and Results
3.1 Imaging Analysis
Figure 1a shows a difference image of Tycho’s SNR constructed
by subtracting an exposure-corrected image taken in 2003 from
that in 2015. A zoom-in view of the western region is given
in figure 1b. We also present exposure-corrected images from
each year in figure 1d. We selected an energy band of 4–6 keV,
where synchrotron emission is dominant (e.g., Eriksen et al.
2011). Most of the stripe features appear to move outward as
the outer rim, which most probably corresponds to the blast
waves (Warren et al. 2005), expands. However, some of the
changes cannot simply be accounted for just by the expansion.
The stripes along the green curves in figure 1c generally become
brighter in 2015. We note that most of the brightening stripes
are too faint to be seen in the exposure-corrected images in fig-
ure 1d. On the other hand, the emission along the cyan line in
figure 1c shows a flux decrease. These results indicate that the
small knot structure, which Okuno et al. (2020) reported, is not
the only structure that shows brightening over the years in this
region. We also found hints of the proper motions of the faint
stripes along the direction perpendicular to the shock normal.
Figure 2b shows projections along the azimuthal direction
from the rectangular region in figure 2a, which includes the
brightest stripe (S7 in figure 1c). The sharp and broad peaks
correspond to the rim and the stripe, respectively. Both peaks
clearly are moving outward with time as already suggested by
the difference image in figure 1a. We first measured the proper
motion of the rim. Artificially shifting the profile in 2003, we
calculated χ2 between the shifted profile in 2003 and the ob-
served profile in 2015 in the range of 66′′–90′′ , and searched for
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Fig. 1. (a) Difference image between 2003 and 2015 in the 4–6 keV band. The green box corresponds to the region shown in panels (b), (c), and (d). (b)
Zoom-in view of the yellow box in panel (a). (c) Same as panel (b) but with guides for identification of notable features overlaid. (d) Exposure-corrected
Chandra ACIS images of Tycho’s SNR in 2003, 2007, 2009, and 2015. The energy band is 4–6 keV. The regions S1–S9 and R1–R5 are those for the spectral
analysis. The Ref region is used for estimating the parameters for the thermal component of the emissions of the stripes. In all the panels, the unit for the color
scale is 10−8 ph s−1 cm−2.
a shift that gives the minimum χ2. As a result, we obtained a ve-
locity of 0.29± 0.01 arcsec yr−1, which can be translated into
3400±100 km s−1 with a distance of 2.5 kpc assumed (Zhou et
al. 2016). We note that Williams et al. (2016) reported a proper
motion consistent with ours (The region we analyzed roughly
coincides with their Reg 13). Measurement of the proper mo-
tion of the stripe, on the other hand, was found to be difficult
because of its time-variable shape. A closer look at the pro-
files plotted in figure 2b suggests that the peak corresponding to
the stripe becomes narrower in 2015 than in 2003. This is more
clearly visible in smoothed profiles presented in figure 3. In this
figure, we shifted the profile in 2003, assuming a velocity of
0.29 arcsec yr−1, which is the measured value for the rim. The
locations of the peaks are roughly consistent with each other,
leading to a conclusion that the proper motion of the stripe is at
the same level as the rim.
3.2 Spectral Analysis
We performed spectroscopy of each bright stripe by extracting
spectra from the nine regions labeled as S1–S9 in figure 1c.
Backgrounds are extracted from the outside of the SNR within
the ACIS-I array. The spectra were binned so that each bin
has at least 10 counts and were fitted over the 0.5–10 keV en-
ergy band with XSPEC 12.10.1f (Arnaud 1996). Following the
works by Sato, & Hughes (2017), Yamaguchi et al. (2017), and
Okuno et al. (2020), we fitted the spectra with a model consist-
ing of non-thermal and thermal components. We modeled the
non-thermal component with a power law. To the thermal emis-
sion, which can be attributed to the supernova ejecta, we ap-
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Table 2. Best-fit parameters in 2009
Parameters (unit) S1 S2 S3 S4 S5 S6 S7 S8 S9
Solid angle (arcsec2) 143.8 210.2 172.7 505.3 161.7 141.1 338.8 183.4 311.6
NH (10
21 cm−2) 6.80± 0.17 6.37+0.26−0.10 5.23
+0.21
−0.12 5.83
+0.05
−0.06 5.92
+0.24
−0.20 6.32
+0.30
−0.19 6.03
+0.17
−0.12 6.56
+0.20
−0.28 5.26
+0.14
−0.12
Power law
Γ 2.39± 0.04 2.37+0.04
−0.03 2.06± 0.03 2.15± 0.01 2.44± 0.03 2.40± 0.04 2.12
+0.02
−0.03 2.25
+0.02
−0.03 2.55± 0.02
Flux∗ 0.43± 0.01 0.77± 0.01 0.76± 0.01 2.35± 0.02 0.50± 0.01 0.46± 0.01 2.08+0.02−0.01 0.64± 0.01 1.05
+0.01
−0.02
IME compconent
Norm.†
(109 cm−5)
3.31+0.42
−0.38 1.48
+0.41
−0.43 1.71
+0.24
−0.36 4.97
+0.86
−0.26 2.11
+0.70
−0.40 1.51
+0.54
−0.38 1.50
+0.49
−0.61 2.22
+0.50
−0.42 0.35
+0.06
−0.04
kTe (keV) 1.49
+0.04
−0.03 1.65
+0.03
−0.05 1.68
+0.01
−0.04 1.55± 0.01 1.58
+0.03
−0.02 1.57
+0.04
−0.03 1.71
+0.03
−0.04 1.45
+0.01
−0.04 1.41± 0.03
net
(1010 s cm−3)
4.53 (fixed)
[Mg/C]/[Mg/C]⊙ 4.8
+0.6
−0.4 7.2± 1.4 9.2
+1.9
−0.8 8.1
+0.4
−0.7 5.2
+0.3
−1.3 6.4
+1.7
−1.6 10.6
+6.9
−2.1 5.5
+0.8
−0.9 4.8± 0.6
[Si/C]/[Si/C]⊙ 84
+10
−9 161
+68
−35 190
+40
−27 238
+23
−22 183
+41
−37 189
+38
−46 279
+194
−69 112
+33
−20 73
+10
−9
[S/C]/[S/C]⊙ 77
+10
−8 130
+67
−28 143
+31
−19 185
+11
−20 134
+30
−28 139
+39
−36 194
+144
−48 91
+25
−16 81± 11
[Ar/C]/[Ar/C]⊙ 85
+14
−11 105
+40
−12 110
+13
−10 175
+8
−11 99
+24
−9 106
+31
−22 202
+140
−65 77± 9 86
+14
−13
[Ca/C]/[Ca/C]⊙ 156
+28
−25 202
+72
−26 158
+55
−25 163
+20
−29 159
+24
−23 258
+86
−77 298
+93
−77 142± 24 168
+33
−30
Fe component
Norm.†
(109 cm−5)
3.31† 1.48† 1.77† 4.97† 2.11† 1.51† 1.50† 2.22† 0.37†
kTe (keV) 5.54
+0.91
−0.83 4.30
+1.30
−0.98 3.85
+1.20
−0.80 4.63
+0.40
−0.26 2.36
+0.35
−0.39 3.00
+1.84
−0.83 2.04
+0.62
−0.26 2.41
+0.26
−0.55 1.53
+0.12
−0.23
net
(1010 s cm−3)
0.74 (fixed)
[Fe/C]/[Fe/C]⊙
(= [Ni/C]/[Ni/C]⊙)
3.6+0.5−0.4 5.4
+1.9
−1.2 5.4
+1.4
−0.5 9.2
+0.8
−1.0 7.6
+1.4
−1.1 5.5± 1.2 8.0
+3.2
−1.5 3.8
+0.8
−0.5 4.8
+0.6
−0.5
Gaussian
Norm.‡ 0.53± 0.05 0.33± 0.05 0.36± 0.04 1.40+0.08−0.07 0.60± 0.05 0.47± 0.05 0.44
+0.06
−0.07 0.35
+0.04
−0.05 0.61
+0.08
−0.07
Centroid (keV) 1.25+0.02
−0.01 1.28
+0.05
−0.02 1.24± 0.01 1.253
+0.006
−0.001 1.238
+0.002
−0.007 1.234± 0.003 1.232
+0.022
−0.002 1.254
+0.007
−0.005 1.23 (fixed)
χ2 (d.o.f.) 405 (291) 375 (331) 463 (338) 1153 (433) 593 (302) 451 (299) 598 (418) 392 (321) 606 (373)
∗ The photon flux in the energy band of 4–6 keV. The unit is×10−13 erg s−1 cm−2.
† Emmission measures of Fe and IME component are defined by
∫
nenCdV/4pid
2 · [C/H]⊙ and linked to each other.
‡ The unit is×10−5 photons s−1 cm−2
plied a two-component non-equilibrium ionization (NEI) model
using the vnei model in XSPEC. We employed the Tuebingen-
Boulder absorption model (TBabs; Wilms et al. 2000) for inter-
stellar absorption.
One of the two NEI components represents the emission
from Fe whereas the other is for intermediate-mass elements
(IMEs: Mg, Si, S, Ar, and Ca). We treated the abundances of
IMEs and Fe as free parameters, and linked the abundance of Ni
to Fe. Since Tycho’s SNR is of type Ia origin, the abundances
of H, He, and N were fixed to zero. The abundances of O and
Ne with respect to C were fixed at the solar values because C
has the lowest atomic number in the elements that would be
present in the ejecta. Emission measures of the Fe and IME
components (≡ 1
[C/H]⊙
1
4pid2
∫
nenC dV ) were linked to each
other, where d is the distance to Tycho’s SNR, ne and nC are
number densities of electron and carbon, and V is the volume
of the emitting plasma. Fitting the spectra, we found residuals
at ∼ 1.2 keV, which are also seen in spectra of Tycho’s SNR
(e.g., Sato, & Hughes 2017; Okuno et al. 2020) as well as other
SNRs (e.g., Okon et al. 2019). Although the cause of the residu-
als is not clear (see a discussion by Okon et al. 2019), we added
a Gaussian to the model to improve the fits. The centroid en-
ergy of the Gaussian was allowed to vary for spectra from all
the regions except for S9. We fixed it to 1.23 keV for S9 since
it cannot be well constrained.
Strong non-thermal emission of the stripes makes it diffi-
cult to determine the parameters for the NEI components. To
constrain the parameters, therefore, we analyzed a spectrum ex-
tracted from the region with less contribution from the non-
thermal component, which is labeled as “Ref” in figure 1c.
Since the region is located at a similar radius of the SNR to
stripes, we assumed that ionization ages (net) of the NEI com-
ponents are common between the “Ref” region and stripes, and
determined them by fitting the “Ref” spectrum. The spectral fit-
ting yielded net = 4.52× 10
10 s cm−3 and net = 0.74× 10
10
s cm−3 for the IME and Fe components, respectively. We fixed
net to these values when fitting the spectra of the stripe regions.
We first fitted spectra from observations in 2009, which have
the highest statistics thanks to the longest exposure time. The
spectra are plotted with the best-fit models in figure 4, and the
best-fit parameters are summarized in table 2. We then fitted
spectra from 2003, 2007, and 2015 observations to see time
variability of the stripe emissions. The parameters for the ther-
mal components were fixed to those obtained for the spectra in
2009 except for the emission measures. In figure 5, we plot sur-
face brightness of the non-thermal component as a function of
photon index, which reveals a significant stripe-to-stripe varia-
tion of the parameters as well as time variability of each stripe.
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Fig. 2. (a) Regions used for the projection in panel (b). (b) Profiles extracted
from the regions shown in panel (a). The widths of each bin are 0.′′5. The
geometrical center of the SNR is to the left.
Another finding to note here is the strong anti-correlation be-
tween surface brightness and photon indices of the stripe emis-
sion.
4 Discussion
Our imaging and spectral analyses have revealed time variable
nature of the stripes in Tycho’s SNR. Although Okuno et al.
(2020) reported time variability only of two structures, includ-
ing S1 in our definition, similar variability seems to be rather
universal in this part of the SNR. Figure 5 indeed indicates sig-
nificant flux variability of S2, S3, S7, and S9, in addition to S1.
The fluxes of the stripes S2 and S3 are lower in 2003 than in the
other years. The stripe S7 underwent a flux brightening from
2003 to 2007 and then decayed. In the case of S9, a continuous
flux increase was observed from 2003 to 2015. The images in
figure 1 furthermore indicate not only the bright stripes but also
much fainter structures are also variable.
Following Uchiyama et al. (2007), Uchiyama & Aharonian
(2008), and Okuno et al. (2020), we can estimate the magnetic
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Fig. 3. Comparison between the profile in 2015 and the moved profile in
2003 by 3.′′0. Oblique lines correspond to the range of 1σ. Solid lines show
smoothed profiles with bandwidth=3.
field strength of the emitting region if we attribute the brighten-
ing to production of relativistic electrons through acceleration
and the flux decay to decrease of electrons emitting synchrotron
X-rays. Assuming diffusive shock acceleration, we can write
the acceleration timescale as
tacc = 4η
(
ε
keV
)0.5( B
400 µG
)−1.5(
vsh
3400 km s−1
)−2
yr,(1)
where η (≥ 1) is the so-called “gyrofactor”, ε is synchrotron
photon energy, B is the magnetic field strength, and vsh is the
shock velocity. We assumed vsh = 3400 km s
−2 according to
our proper motion measurement in §3.1. The synchrotron cool-
ing timescale can be given as
tsyn = 4
(
ε
keV
)−0.5( B
500 µG
)−1.5
yr. (2)
Since we observed flux changes in a timescale of several years,
the above equations lead to a conclusion that the magnetic field
in the stripe region is ∼ 500 µG. We note here that this esti-
mate would have some uncertainties. The above equations as-
sume that electrons with a certain energy emit monochromatic
synchrotron photons, which is not true in reality and hence pro-
duces uncertainties.
The 3D location of the stripes would be key information
for discussing their physical origin. In the above magnetic
field strength estimation, we implicitly assumed that the stripes
are on the projected blast waves of the SNR. In this case,
proper motion of the stripes should appear to be slower than
the expansion velocity since only the transverse velocity com-
ponent is observed. The transverse velocity is calculated to be
0.25 arcsec yr−1 , assuming spherical shell expansion with a
velocity of 0.29 arcsec yr−1 (§3.1). We found the difference of
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Fig. 4. Spectra and the best-fit models for regions S1–S9 obtained from the data taken in 2009. The black curves are the sums of all the components whereas
the other colors show contributions from each component. The red and orange curves represent the NEI models for the Fe and IME components, respectively.
The magenta dashed curves indicate the Gaussian added to the model. The model curves for the power-law component are drawn in blue.
the two values is too small to be measured with the present data,
considering the fact that the morphology of the stripe is also
changing with time (figure 3). On the other hand, if the stripes
are located inside the shell, or far downstream the blast waves,
the transverse velocity of the stripes can be different from the
above case. The proper motion of some structures perpendic-
ular to the shock normal (figure 1b) would be in favor of this
scenario. Models proposed in literature place the stripes in dif-
ferent locations (see e.g., Bykov et al. 2011; Malkov et al. 2012;
Caprioli & Spitkovsky 2013; Laming 2015). A future Chandra
observation at another epoch would be needed to measure the
proper motion of the stripes precisely enough to give meaning-
ful comparison with that of the blast waves, which is a key to
pinning down the line-of-sight locations of the stripes.
Our spectroscopy of each stripe at each epoch has revealed
anti-correlation between surface brightness and photon indices
(figure 5). In order to see whether or not the synchrotron-
dominant rim emission has a similar anti-correlation as well,
we extracted spectra from regions R1–R5 defined in figure 1c.
Since thermal emissions are negligible in these regions, we fit-
ted the spectra with an absorbed power law and plotted the result
in figure 6 together with those from the stripes as observed in
2009. In contrast to the stripes, the data points from the rim do
not show a significant anti-correlation. Also, the rim emission
is softer than the stripes with photon indices of Γ = 2.7–2.9
as compared to Γ = 2.1–2.6 of the stripes. This is consistent
with the result by Lopez et al. (2015), who found the hardest
> 10 keV emission with NuSTAR in the west of the SNR coin-
ciding with the location of the stripes.
Then what makes the spectra of stripes harder? Since the
X-ray band corresponds to the cutoff region of a synchrotron
spectrum, photon indices reflect the cutoff energy (ε0): a harder
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Fig. 5. Relation between the surface brightness and the photon indices in
the stripes. The data points from each stripe are plotted in different colors.
The color tint indicates the epochs of the data points.
spectrum means a higher ε0 and vice versa. Let us first discuss
the case in which stripes are associated with structures of the
blast wave region although distinct spectra characteristics be-
tween the stripes and blast waves (figure 6) make this case less
likely. According to the NuSTAR result by Lopez et al. (2015),
the highest photon energy of synchrotron emission in Tycho’s
SNR seems to be limited by its age (= acceleration time). Given
that, the cutoff energy depends both on the shock velocity and
on the magnetic field strength as ε0 ∝ vsh
4B3 (Lopez et al.
2015). Thus, the hard spectra of the stripes can be ascribed
to fast shock velocity and/or strong magnetic field of the region.
Considering the peculiar morphology of the stripes, it would
be rather unlikely that only a fast shock velocity accounts for
the hardness. Instead, it would be more probable that the mag-
netic field is amplified in the stripes through, for example, the
resonant (Skilling 1975) or non-resonant (Bell 2004) cosmic-
ray streaming instability. The problem about this scenario is
that we cannot explain the short time variability of the stripes at
the same time. The timescale of the variability expected in the
age-limited case would be in the order of the age of the SNR,
∼ 100 yr, which is much longer than observed. One of the pos-
sible solutions that can reconcile with both the result by Lopez
et al. (2015) and the variable stripe emissions would be that
synchrotron emissions of most of the regions are age-limited
whereas those right at the stripes are loss-limited with the am-
plified magnetic field.
If the stripes are not projections of blast waves but are lo-
cated far downstream of the shock, the hard spectra are some-
what puzzling. After being accelerated at the blast wave, elec-
trons are transported downstream through advection or diffu-
Fig. 6. Comparison of the relation between the stripes (red) and the rim
(blue). The data points plotted here are from the observations in 2009.
sion. While being transported, ultra-relativistic electrons lose
their energies via severe synchrotron cooling loss, which makes
the electron spectrum and thus synchrotron X-ray spectrum
softer. Such softening is indeed observed in Tycho’s SNR by
Cassam-Chenaı¨ et al. (2007) with Chandra. One of the pos-
sible mechanisms to make the synchrotron spectra harder in
the stripes is boosting synchrotron photon energy with a strong
magnetic field. Since synchrotron photon energy (ε) is related
to parent electron energy (Ee) as ε ∝ BEe
2, a stronger mag-
netic field can make the synchrotron cutoff energy higher and
thus synchrotron spectra observed with Chandra harder. In addi-
tion, if compressible waves/turbulence is present in the stripes,
stochastic acceleration may occur and electron spectra would
become even harder. We note that Zhang (2015) theoretically
studied such a scenario.
In either case of the two discussed above, it would be very
challenging to explain also the anti-correlation between surface
brightness and photon indices (figure 5). The result would indi-
cate only a small number of parameters are responsible for the
temporal and spatial variation of the stripe emission otherwise
such a tight anti-correlation would not appear. Another fact to
note about the result in figure 5 is that the surface brightness is
similar between stripes. This suggests that line-of-sight depths
of the stripes are similar to each other, under an assumption that
the nine stripes have similar magnetic field strengths and rel-
ativistic electron densities. If so, it would be more natural to
consider that the stripes are shaped like spheroids rather than
thin sheets.
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Using Chandra data obtained in 2003, 2007, 2009, and 2015,
we searched for temporal and spatial variation of synchrotron
radiation of the stripes in the southwestern region of Tycho’s
SNR in a more systematical way than the work by Okuno et
al. (2020). Our imaging analysis revealed time variability of
the emission in this region. Analyzing spectra of nine bright
stripes, we found significant time variabilities not only of the
stripe S1 previously reported by Okuno et al. (2020) but also
of other stripes S2, S3, S7, and S9. If we attribute the flux
increase to production of X-ray emitting electrons through dif-
fusive shock acceleration and the flux decrease to synchrotron
cooling of electrons, the observed time variabilities indicate that
the magnetic field is amplified to ∼ 500 µG. The spectra of
the stripes were found to be harder (Γ = 2.1–2.6) than those
of the rim (Γ = 2.7–2.9), which would also be explained by
amplified magnetic fields and/or stochastic acceleration in the
stripes. Another finding is a tight anti-correlation between the
surface brightness and photon indices of the stripe emission,
which would indicate that only a small number of parameters
control the temporal and spatial variation of the stripe emission.
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